Abstract-A convenient method for synthesis of optically active azetidin-2-ones using electrochemical oxidation has been exploited. The method consists of a diastereoselective intramolecular C-C bond forming reaction between active methylene and methyne groups through an electrochemical system in which positive iodine species acted as mediators under mild conditions.
Introduction
Since the discovery of thienamycin (1) (3-oxobutyryl) aminomalonate diethyl esters 3a-c, which are equilibrated with pyrrolidine-2-ones 5a-c, was achieved by I 2 in the presence of NaOEt (Eq. 1). there has been no report for its chiral version. We report herein a convenient electrochemical diastereoselective construction of azetidin-2-ones 4d-f possessing acetyl group at the 3-position and two alkoxylcarbonyl groups at the 4-position from easily available N- (3-oxobutyryl) aminomalonate esters 3d-f possessing a chiral auxiliary on a nitrogen atom (Scheme 2). Scheme 2 also shows our strategy for the transformation of 4d-f to enantiomerically pure 4-methoxy-3-(1'-silyloxyethyl)azetidin-2-one ( 
Results and discussion

Preparation of chiral pyrrolidin-2-ones 5d-f
Pyrrolidin-2-ones 5d-f were prepared in good to high yields using similar method for preparation of 5a-c (Eq. 2). 3 The results are shown in Table 1 . 
Step 1 Step 2 Table 1 . Preparation of 2-pyrrolidinones 5d-g. Step 2 
Diastereoselective construction of azetidin-2-ones 4d-f
Chemical intramolecular C-C bond forming reaction of 5d-f (Method A) and the corresponding electrochemical reaction (Method B) were examined under various conditions (Eq. 3). The results are summarized in Table 2 . optimized conditions were applicable to cyclization of di-t-butyl esters 5e and 5f to afford azetidin-2-ones 4e and 4f in high yields with good to high diastereoselectivities (entries 10 and 12). Recrystalization of 4e from a mixture of diethyl ether and n-hexane
(1/2 V/V) afforded 3S-4e as a single diastereoisomer.
Reaction mechanism
Plausible reaction mechanism for electrochemical cyclization of 3e is shown in Scheme 
Diastereoselective reduction
Diastereoselective reduction of acetyl group in 4d,e was carried out under several reaction conditions (Eq. 4). The results are summarized in Table 3 . at the 3-position was not observed under the reaction conditions. 
Determination of absolute stereoconfiguration for 7e
Recrystalization of 7e afforded 3S,1'R-7e as a single diastereoisoimer, whose absolute stereoconfiguration was determined to be 1'R by X-ray analysis ( Figure 1 ). As a result, It was deduced that major isomer of 4e was 3S-4e.
Stereochemical course.
The diastereoselectivity might be explained by thermodynamical stability of 3S-4e compared with 3R-4e. Namely, when 1'R-phenylethyl group occupied the lower side of azetidine ring shown as (b) and (d) in Figure 2 , there might be steric repulsion between t-butyl group and phenyl group. Additionally, steric repulsion between acetyl group and 1'R-phenylethyl group in 3S-4e might occurr ((b) in Figure 2 ). On the other hand, when 1'R-phenylethyl group occupied the upper side of azetidine ring ((a) and (c) in Figure 2 ), there might be steric repulsion between acetyl group and 1'R-phenylethyl group in 3R-4e ((c) in Figure 2 ). Accordingly, 3S-4e shown as (a) in Figure 2 is the most stable confomation. Also, bulkier di-t-butyl ester 4e could be obtained with better diastereoselectivity than that of diethyl ester 4d. Sodium ion chelates with the two carbonyl groups, due to this and also the steric repulsion on the re-face between the hydride ion and the tert-butyl group, the hydride attack therefore takes place on the si-face to afford 1'R-7e diastereoselectively. Higher diastereoselectivity in THF than MeOH seems to support chelation (entries 2 and 3 in Table 3 ).
Scheme 5. Plausible stereochemical course for NaBH 4 reduction of 3S-4e.
Preparation of enantiomerically pure azetizin-2-one 2a from 1'R-7e
Enantiomerically pure 4-methoxy-3-(1'-silyloxyethyl)azetidin-2-one (2a) was prepared from 1'R-7e by procedure shown in Scheme 6. Namely, acetylation of 1'R-7e afforded 9, which was then subjected to acid catalyzed hydrolysis to give dicarboxylic acid 10 in quantitative yield. Decarboxylation of 10 afforded monocarboxylic acid 11, which was then transformed into 4R-methoxylated azetidinone 12 in 73% yield by the non-Kolbe electrolysis. 
2) chromatography
Scheme 6. Preparation of azetidinone 2a from 1'R-7e.
Conclusion
A convenient method for the synthesis of optically active azetidin-2-ones using electrochemical oxidation has been exploited. The method consists of diastereoselective intramolecular C-C bond forming reaction between active methylene and methyne groups by electrochemical mediator system in which positive iodine species act as mediators under mild conditions.
Experimental section
General.
Electrochemical reactions were carried out using DC Power Supply (GP 050-2) of 
Preparation of chiral pyrrolidin-2-ones 5d-f: General Procedure
To a solution of 6d (5.59 g, 20 mmol) and Et 3 N (2.02 g, 20 mmol) in toluene (30 mL) was slowly added dropwise diketene (1. pyrrolidin-5-one-2,2-dicarboxylate (5d) in 93 % yield.
Diethyl 3-hydroxy-3-methyl-1-(1'R-phenylethyl)
pyrrolidin-5-one-2,2-dicarboxylate (5d) (a mixture of two diastereomers) Table 2 );
Di-tert-butyl 3-hydroxy-1-[1'R-(4-methoxyphenyl)ethyl]-3-methylpyrrolidin-5-one-
2,2-dicarboxylate (5f) (a mixture of two diastereomers)
Preparation of chiral azetidin-2-ones 4d-f:
Typical Procedure for chemical method A (entry 5 in
To a solution of 5d (182 mg, 0.5 mmol) in ethanol (5 mL) was added I 2 (127 mg, 0.5 mmol) and Na (35 mg, 1.5 mmol). After stirring for 1 h at 85 o C, to the reaction mixture was added AcOEt (30 mL). The resulting solution was washed with 5% Na 2 S 2 O 3 (3 × 10 mL) and sat. aqueous NaCl (10 mL). The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure. The residue was subjected to silica gel columun chromatography (n-hexane：AcOEt =1 : 1) to afford 3S-4d in 30% yield with 48% de. Table 2 );
Typical Procedure for electrochemical method B (entry 10 in
In an undivided cell equipped with platinum plate electrodes (1 x 2 cm 2 ) was placed a solution of 5e (210 mg, 0.5 mmol) and NaI (75 mg, 0.5 mmol) in acetonitrile (5 mL).
A constant current (100 mA) was passed through the cell externally warmed in oil-bath (85 o C). After 4 F/mol of electricity was passed, to the reaction mixture was added AcOEt (30 mL). The resulting solution was washed with 5% Na 2 S 2 O 3 (3 × 10 mL) and sat. aqueous NaCl (10 mL). The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure. The residue was subjected to silica gel columun chromatography (n-hexane：AcOEt =1 : 1) to afford 3S-4e in 94% yield with 80% de, which was recrystalized from a mixture of diethyl ether and n-hexane (1/2 V/V) to give enantiomerically pure 3S-4e. 2984, 2938, 1779, 1455, 1393, 1300, 1280, 1240,1180, 1096, 1057, 1028, 903, 860, 762, 8, 27.0, 27.8, 30.4, 57.0, 66.5, 67.2, 83.8, 83.9, 125.9, 127.2, 128.7, 143.0, 162.7, 164.9, 165.3, 197.8; IR (neat): 2980 IR (neat): , 2930 IR (neat): , 1765 IR (neat): , 1718 IR (neat): , 1495 IR (neat): , 1394 IR (neat): , 1371 IR (neat): , 1001 
Diethyl 3S-acetyl-1-(1'R-phenylethyl)azetidin-2-one-4,4-dicarboxylate (4d) (3S:3R
Diastereoselective reduction of 3S-4e:
To a solution of 3S-4e (100 mg, 0.24 mmol) in tetrahydrofuran (3 mL) was added NaBH 4 (18 mg, 0.48 mmol). After stirring for 4 h at 20 o C, to the reaction mixture was added AcOEt (30 mL). The resulting solution was washed with water (20 mL) and sat.
aqueous NaCl (20 mL). The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure. The residue was subjected to silica gel columun chromatography (n-hexane：AcOEt =1 : 1) to afford 1'R-7e in 83% yield with 84% de, which was recrystalized from diethyl ether to give enantiomerically pure 1'R-7e. 
3S-(1'R-Hydroxyethyl
Acetylation of 1'R-7e:
To a solution of 1'R-7e (420 mg, 1.0 mmol) and 4-dimethylaminopyridine (12 mg, 0.1 mmol) in pyridine (5 mL) was added dropwise acetyl chloride (236 mg, 3 mmol).
After stirring for 2 h at rt, to the reaction mixture was added AcOEt (50 mL). The resulting solution was washed with 3% HCl (3 x 25 mL) and sat. aqueous NaCl (25 mL). The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure. The residue was subjected to silica gel columun chromatography (n-hexane：AcOEt =3 : 1) to afford 9 in 75% yield. 2980, 2934, 2380, 1769, 1740, 1495, 1456, 1395, 1456, 1395, 1341, 1244, 1159, 1144, 1115, 1065, 1048, 905, 849, 834, 760, 733 , 700 cm
Di-tert-butyl
1
; Anal. Calcd for C 25 H 35 NO 7 : C, 65.06; H, 7.64; N, 3.03. Found: C, 64.95; H, 7.40 ; N, 2.90.
Preparation of dicaroboxylic acid (10):
To a solution of 9 (462 mg, 1.0 mmol) in dichloromethane (4 mL) was slowly added trifluoroacetic acid (3.7 mL, 50 mmol) . After stirring for 2 h at rt, concentration of the reaction mixture under reduced pressure afforded 10 in quantitative yield. 
3S-(1'R-
.0Hz, 3H), 1.83 (d, J=7.2Hz, 3H) , 2.02 (s, 3H), 3.90 (d, J=10.8Hz, 1H), 4.63 (q, J=7.2Hz, 1H), 5.45 (dq, J=6.0Hz, J=10.8Hz, 1H), 7.20-7.40 (m, 5H), 8.55 (m, 2H); IR (neat): 3500, 2984 IR (neat): 3500, , 2359 IR (neat): 3500, , 1750 IR (neat): 3500, , 1541 IR (neat): 3500, , 1497 IR (neat): 3500, , 1456 IR (neat): 3500, , 1375 IR (neat): 3500, , 1260 IR (neat): 3500, , 1180 IR (neat): 3500, , 1160 IR (neat): 3500, , 1063 IR (neat): 3500, , 1050 IR (neat): 3500, , 1028 
Preparation of monocarboxylic acid (11):
To a solution of 10 (349 mg, 1.0 mmol) in 2,4,6-collidine (2 mL) was heated at 160 o C with oil-bath. After heating for 1 h, to the reaction mixture was added AcOEt (10 mL). The resulting carboxylate ion was collected with sat. NaHCO 3 (3 x 10mL).
Combined aqueous layer was acidified with 5% HCl. The carboxylic acid was extracted with AcOEt (3 x 20 mL). The resulting organic layer washed with sat. aqueous NaCl (25 mL). The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure to afford 11 in quantitative yield. 3.26 (dd, J=1.8Hz, J=10.5Hz, 0.28H), 3.55 (dd, J=5.4Hz, J=10.5Hz, 0.72H), 3.94 (d, J=1.8Hz, 0.28H), 4.07 (d, J=5.4H, 0.72H), 4.53 (q, J=7.2H, 0.72H), 5.57 (q, J=7.2Hz, 0.28H), 1H), 5H) , 1H) ; IR(neat): 3500, 2982, 1748, 1638, 1541, 1497, 1456, 1379, 1242, 1200, 1142, 1050, 953, 924, 853, 799, 766, 
3S-(1'R-
Decarboxylative methoxylation of 11:
In an undivided cell equipped with platinum plate electrodes (1 x 2 cm 2 ) was placed a solution of 11 (101 mg, 0.33 mmol) and NaOMe (54 mg, 1 mmol) in a mixture of acetonitrile (4 mL) and methanol (1 mL). A constant current (50 mA) was passed through the cell externally cooled with water-bath. After 2 F/mol of electricity was passed, to the reaction mixture was added AcOEt (30 mL). The resulting solution was washed with sat. aqueous NaCl (10 mL). The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure. The residue was subjected to silica gel columun chromatography (n-hexane ： AcOEt =2 : 1) to afford 12 as a single diastereomer in 73% yield. 21.5, 51.4, 54.2, 62.7, 64.0, 84.5, 127.2, 127.7, 128.6, 139.8, 166.5; IR(neat): 3420, 3032, 2975 IR(neat): 3420, 3032, , 2936 IR(neat): 3420, 3032, , 2836 IR(neat): 3420, 3032, , 1740 IR(neat): 3420, 3032, , 1495 IR(neat): 3420, 3032, , 1455 IR(neat): 3420, 3032, , 1395 IR(neat): 3420, 3032, , 1374 IR(neat): 3420, 3032, , 1206 IR(neat): 3420, 3032, , 1184 IR(neat): 3420, 3032, , 1140 IR(neat): 3420, 3032, , 1098 IR(neat): 3420, 3032, , 1028 
4R-Methoxy-3R-(1'R-hydroxylethyl)-1-(1'R-phenylethyl)azetidin-2-one (12)
Silylation of 12:
To a solution of 12 (60 mg, 0.24 mmol) and 4-dimethylaminopyridine (88 mg, 0.72 mmol) in N,N-dimethylformamide (1 mL) was added tert-butyldimethylsilyl chloride (109 mg, 0.72 mmol). After stirring for 24 h at rt, to the reaction mixture was added AcOEt (30 mL). The resulting solution was washed with water (10 mL) and sat.
aqueous NaCl (10 mL). The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure. The residue was subjected on silica gel columun chromatography (n-hexane：AcOEt =5 : 1) to afford 13 in 65% yield.
4R-Methoxy-3R-[1'R-(tert-butyldimethylsilyloxy)ethyl]-1-(1'R-phenylethyl)azetidi
n-2-one (13) 7, 4.7, 17.9, 20.0, 22.7, 25.7, 51.7, 54.1, 63.2, 64.4, 84.7, 127.3, 127.6, 128.6, 139.9, 166.2; IR(neat): 3033, 2955 IR(neat): 3033, , 2930 IR(neat): 3033, , 2897 IR(neat): 3033, , 2857 IR(neat): 3033, , 1765 IR(neat): 3033, , 1495 IR(neat): 3033, , 1472 IR(neat): 3033, , 1389 IR(neat): 3033, , 1250 IR(neat): 3033, , 1204 IR(neat): 3033, , 1183 IR(neat): 3033, , 1150 IR(neat): 3033, , 1100 IR(neat): 3033, , 1040 IR(neat): 3033, , 1028 IR(neat): 3033, , 1005 
Removal of N-protecting group of 13:
To anhydrous liq. ammonia (2 mL) was added Na (18 mg, 0.78 mmol) at 78 o C.
Successively, a solution of 13 (47 mg, 0.13 mmol) in tetrahydrofuran (2 mL) was added to the ammonia. After stirring for 1 h at 78 o C, to the reaction mixture was added sat.
aqueous NaCl (10mL). The organic portion was extracted with AcOEt (3 x 10 mL). The resulting organic layer was washed with sat. aqueous NaCl (25 mL). The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure. The residue was subjected to silica gel columun chromatography (n-hexane：AcOEt =2 : 1)
to afford 2a 4 in 95% yield. 1, 4.3, 17.9, 22.5, 25.7, 25.7, 54.9, 64.2, 65.2, 81.5, 167.7. NaCl (10 mL). The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure. The residue was subjected to silica gel columun chromatography (n-hexane：AcOEt =2 : 1) to afford 14 in 60% yield. 1, 20.8, 20.8, 52.7, 62.3, 66.1, 78.0, 126.9, 127.9, 128.7, 140.1, 164.3, 169.9, 169.9; IR (neat): 3500, 2984 IR (neat): 3500, , 2853 IR (neat): 3500, , 1738 IR (neat): 3500, , 1640 IR (neat): 3500, , 1497 IR (neat): 3500, , 1456 IR (neat): 3500, , 1377 IR (neat): 3500, , 1242 IR (neat): 3500, , 1200 IR (neat): 3500, , 1140 IR (neat): 3500, , 1050 
4R-Methoxy-3R-[1'R-(tert-butyldimethylsilyloxy)ethyl]azetidin-2-one (2a)
4R-Acetoxy-3R-(1'R-acetoxyethyl)-
